however, these corepressors have been shown to constrain the basal activity of Smad complexes rather than mediate TGF␤-dependent gene repression responses.
Thus, the problem of how target gene repression is decided over activation incorporates several long-standing questions about TGF␤ action and its dependence on cell type, signaling context, and target gene. These issues remain unsolved for many other growth and differentiation factors as well. The present identification of E2F4/5 and p107 as signal cotransducers that enable a Smad complex to recognize and repress c-myc sheds light on some of these questions. translocation into the nucleus. Smad2 and Smad3 are of nearly identical amino acid sequence except for the presence of a unique insert in Smad2 that prevents its direct binding to DNA . ChIP assays using anti-Smad2/3 or anti-Smad4 antibodies demonstrated that Smad2/3 and Smad4 specifically bind to the proximal region of the c-myc promoter within 1 hr of TGF␤ addition ( Figure 1E ).
Results

Adjacent Smad and E2F Sites in c-myc Mediate Repression by TGF␤
The activity of E2F factors is determined by their association with transcriptional corepressors of the retinoblastoma family, pRb, p107, and p130 (Classon and Dyson, 2001; Mulligan and Jacks, 1998; Trimarchi and Lees, 2002 ). This association is inhibited by cdk-mediated phosphorylation of pRb, p107, and p130. E2F1, E2F2, and E2F3 function primarily as transcriptional activators that become inhibited by association with pRB. In contrast, E2F4 and E2F5 act as transcriptional repressors in association with p107 or p130. ChIP assays using suitable antibodies demonstrated that p107, E2F4, and E2F5 specifically bind to the c-myc promoter in response to TGF␤ ( Figure 1E ), whereas pRb, p130, and E2F1-3 do not ( Figure 1E and data not shown). Thus, TGF␤ induces rapid binding of Smad2/3, Smad4, E2F4/5, and p107 to the c-myc promoter in vivo.
The c-myc TIE Accommodates Smad3-Smad4 and E2F4-DP Complexes
To determine if binding of these proteins to the c-myc promoter occurs in the TIE region, we conducted DNA precipitation (DNAP) assays using biotinylated doublestranded TIE oligonucleotides. The wild-type TIE probe precipitated endogenous Smad3 and Smad4 from TGF␤-treated cells but not control cells (Figure 2A ). Smad2 was more abundant than Smad3 in the cells is not surprising because E2F-DP in a cell-free system pended this precipitate, and subjected the sample to TIE DNAP, we observed a TGF␤-dependent and -specific interaction with E2F4 ( Figure 2B ). E2F family members binding domains bound to an E2F site (Zheng et al., 1999) were oriented to match the disposition of the bind to E2F sites as heterodimers with DP1 or DP2 (Trimarchi and Lees, 2002) . We observed a TGF␤-depenSmad and E2F sites on the c-myc TIE ( Figure 2C ). In the resulting model, the TIE can accommodate Smad3 dent association of DP1 and p107 in the Smad-containing TIE precipitates ( Figure 2B ). These results sugand E2F4-DP2 without clashing with each other. In fact, these proteins sit sufficiently close to establish proteingest that a complex containing Smad3, E2F4, DP1, and p107 binds rapidly to the c-myc TIE in response to TGF␤. protein interactions on the DNA. In particular, the region comprising residues 106-114 in the long ␣ helix of DP2 To see if simultaneous binding of Smad and E2F to the c-myc TIE is feasible from a structural standpoint, is positioned close to the loop between ␣ helices 2 and 3 and the loop preceding the DNA-contacting ␤ hairpin the crystal structures of the Smad3 DNA binding domain bound to GTCT (Shi et al., 1998) and the E2F4-DP2 DNA of Smad3. Figure 3A ). TGF␤ addition had no effect on these interactions.
Smad-interacting region to the N-terminal segment of E2F4 (residues 1-99) and E2F5 (residues 1-132) (Figures We confirmed the ability of endogenous Smad proteins to interact with endogenous E2F4 and p107 by 4D and 4E). This region includes the DNA binding domain, which forms a tight fold (Zheng et al., 1999) , and immunoprecipitation of HaCaT cell lysates with antiSmad2/3 and anti-Smad4 antibodies followed by antia short segment that connects with the DP dimerization domain, which falls outside this region. The DNA binding E2F4 or anti-p107 immunoblotting ( Figure 3B ). The Smad2/3-p107 and Smad2/3-E2F4 interactions did not domain is highly conserved among E2F family members, but contains small clusters of residues unique to E2F4 require cell stimulation with TGF␤, while the Smad4-p107 and Smad4-E2F interactions were solely observed and E2F5. Because Smad3 does not interact with E2F1, we surmise that these clusters determine the specificity in the presence of TGF␤. A sequential immunoprecipitation protocol showed that Smad3, flag-tagged E2F4 (or of the Smad3-E2F4/5 interaction. Using Smad3 deletion constructs, we mapped the E2F5), and HA-tagged p107 can coexist in the same complex ( Figure 3C Smad3-E2F4/5 interactions are direct, we performed in vitro interaction assays using purified, recombinant proWe also detected an interaction between Smad3 and teins ( Figure 4G ). A GST (glutathione S-transferase)-Smad3 phorylated (electrophoretically slower) form of p107 is fusion protein specifically bound the recombinant fragunderrepresented in Smad2/3 complexes, as seen by ments p107(1-180), E2F4(1-168), and E2F5(1-201), but comparing Smad2/3-associated p107 with total p107 not the negative control p107(181-387). Therefore, Smad3
( Figure 6A ). These observations raised questions about establishes direct, independent contacts with specific the availability of p107-Smad3 complexes throughout domains of p107 and E2F4/5. The three binary proteinthe cell cycle and the ability of TGF␤ to regulate c-myc protein interactions involved in the Smad3-p107-E2F4/5 during periods beyond G1 phase. To address these complex are depicted in Figure 4H . Figure 7A ). Furthermore, TGF␤ treatment caused a rapid decrease in c-myc mRNA levels in T cells from wild-type nant-negative constructs showed that these constructs attenuated the downregulation of the c-myc promoter, and p130 Ϫ/Ϫ mice but not T cells from p107 Ϫ/Ϫ mice ( Figure 7B ). siRNA-mediated depletion of E2f4 or E2f5 whereas the homologous region of E2F1 had no effect It is also worth noting that both Smads and E2Fs are known to bind promiscuously or constitutively to many sites in vitro that are irrelevant or subject to considerable specific regulation in vivo. We conclude that interactions between Smad3 and E2F4/5 allow each factor to contribute to the specificity of c-myc TIE regulation. texed briefly and subjected to two rounds of sonication. Lysates Primer set 5Ј-CTTTATAATGCGAGGGTCTGGAGC-3Ј and 5Ј-GCTAT were stored on ice for 40 min and vortexed vigorously every 10 min GGGCAAAGTTTCGTGGATG-3Ј were used to amplify a ‫004ف‬ bp during the incubation. The nuclear fraction was isolated following region of the c-myc promoter harboring the TIE. The primer set centrifugation for 10 min at 14,000 rpm in a microcentrifuge. Antiused to amplify the promoter region of ␤-actin was as described bodies specific to p107 (sc-318) and Lamin A/C (sc-7293; 1:500) (Takahashi et al., 2000) .
Smad-interacting regions of p107 and E2F4 as domi-(
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were purchased from Santa Cruz Biotechnology. Detection of ␣-tubulin (T9026) was performed using antibodies obtained from Sigma, and Smad2/3-specific rabbit polyclonal antibodies have DNA Precipitation Assay DNA precipitation assays were carried out as described previously been described previously (Kretzschmar et al., 1999) . DNaseI treatment of cytosolic fraction was performed using 10 U/ml of DNaseI (Chen et al., 2001) . The sequences of wild-type and mutant TIE oligonucleotides are illustrated in Figure 1B . To study the Smad3-at 4ЊC for 30 min. Aliquots of lysates were incubated with 1 g of a linealized DNA to monitor the efficiency of DNaseI. associated TIE complex, Flag-tagged immunoprecipitates were Immunofluorescence Analysis
